In this paper, we describe the International Pulsar Timing Array second data release, which includes recent pulsar timing data obtained by three regional consortia: the European Pulsar Timing Array, the North American Nanohertz Observatory for Gravitational Waves, and the Parkes Pulsar Timing Array. We analyse and where possible combine high-precision timing data for 65 millisecond pulsars which are regularly observed by these groups. A basic noise analysis, including the processes which are both correlated and uncorrelated in time, provides noise models and timing ephemerides for the pulsars. We find that the timing precisions of pulsars are generally improved compared to the previous data release, mainly due to the addition of new data in the combination. The main purpose of this work is to create the most up-to-date IPTA data release. These data are publicly available for searches for low-frequency gravitational waves and other pulsar science.
INTRODUCTION
Pulsar timing observations are sensitive to correlated signals at low frequencies, from nHz to µHz, such as those caused by gravitational waves (GWs) produced from inspiraling supermassive black hole binaries (SMBHBs). Millisecond pulsars (MSPs) have been identified as ideal tools for searching for GWs due to their excellent rotational stability (see Detweiler 1979; Hellings & Downs 1983; Jenet et al. 2005) . They are old neutron stars that are spun up to spin periods of 20 ms during an accretion phase ("recycling": Alpar et al. 1982; Radhakrishnan & Srinivasan 1982) . High-precision timing measurements of many MSPs with sub-microsecond precision-a Pulsar Timing Array (PTA)-collected over long time spans offer a unique and powerful probe of lowfrequency GWs (Desvignes et al. 2016; Arzoumanian et al. 2015b; Reardon et al. 2016) . The International Pulsar Timing Array 1 (IPTA) seeks to further improve the sensitivity of PTAs by combining the data from three individual PTAs, namely the European Pulsar Timing Array (EPTA; Desvignes et al. 2016) , the North American Nanohertz Observatory for Gravitational Waves (NANOGrav: Arzoumanian et al. 2018a) , and the Parkes Pulsar Timing Array (PPTA; Reardon et al. 2016) . The combination of all the data from the individual PTAs under the auspices of the IPTA should reduce the time to the detection of GWs: the GWs from the cosmic merger history of SMBHBs should create a GW background which may be detectable in the next five years (Siemens et al. 2013; Rosado et al. 2015; Kelley et al. 2017; Taylor et al. 2016) , and GWs from individual SMBHBs in the next ten years (Rosado et al. 2015; Mingarelli et al. 2017; Kelley et al. 2018) .
The first IPTA data release (IPTA dr1 - Verbiest et al. 2016 ) reported a combination of timing data of 49 MSPs observed by individual PTAs. The data lengths of these pulsars ranged between 4.5 -27 years, depending on when the source was included in the timing campaign. The data release included the timing data from the EPTA until February 2013 , NANOGrav until October 2009 , and the PPTA until October 2013. Recently, the EPTA (Desvignes et al. 2016) , NANOGrav (Arzoumanian et al. 2015b) , and the PPTA (Reardon et al. 2016) reported new data releases. Here we report the creation of the IPTA second data release (IPTA dr2) and make it available for GW search experiments and other related science. We note that the recentlyreleased NANOGrav 11-year data set (Arzoumanian et al. 2018a ) and the new PPTA dr2 (Kerr et al. in preparation) will be included in future IPTA data releases.
The timing data released by individual PTAs has been used to search for GWs and place upper limits on their strain amplitudes (see Yardley et al. 2010; Zhu et al. 2014; Arzoumanian et al. 2014; Babak et al. 2016; Lentati et al. 2015; Shannon et al. 2015; Arzoumanian et al. 2016 Arzoumanian et al. , 2018a Perera et al. 2018; Aggarwal et al. 2018) . The IPTA dr1 has also been used in GW search experiments and has placed limits on the stochastic GW background (Verbiest et al. 2016) . Furthermore, with a better sky-coverage, Goldstein et al. (2018) addressed the importance of the IPTA data set in localising resolvable GW sources and reported that the results are superior to what is achieved by individual PTAs. Mingarelli et al. (2018) showed how one can combine IPTA dr1 with Gaia Collaboration et al. (2018) data to improve binary pulsar distance estimates, which can in turn be used to improve PTA sensitivity to individual SMBHB systems (Corbin & Cornish 2010; Lee et al. 2011; Ellis 2013; Taylor et al. 2014; Zhu et al. 2016 ) and eventually measure their spin (Sesana & Vecchio 2010; Mingarelli et al. 2012) . Lentati et al. (2016) showed the importance of the IPTA dr1 by studying the noise processes of pulsars to improve their timing stabilities. Therefore, a more up-to-date IPTA data combination is crucial to improve the timing precision and thus, the sensitivity of pulsars to GWs, leading towards a detection in the near future. In addition to the search for GWs, the IPTA data set has been used in other areas of astrophysics. For example, Caballero et al. (2018) utilised the IPTA dr1 to study the solar system and provided improved PTA mass estimates for planetary systems, the first PTA-based estimates of asteroid-belt object masses, such as the dwarf planet Ceres, and provided generic mass limits for unknown objects in orbits in the solar system, including theoretical objects such as dark matter clumps. Verbiest et al. (2016) described the pulsar timing, procedure for creating and combining IPTA data sets, and the usage of the IPTA data comprehensively. The process of the new data combination here in IPTA dr2 is broadly similar to that of the IPTA dr1 and thus we only briefly overview the combination procedure in this paper, and refer the reader to Verbiest et al. (2016) for additional details. The paper is organised as follows: we first describe the constituent PTA data sets used in this combination in § 2. The data combination procedure is briefly described in § 3 and the final data products are presented in § 4. We discuss our results and compare with the results of IPTA dr1 in § 5. Finally in § 6, we discuss the future projects that will be carried out using this new IPTA data release.
DATA SETS
To produce the IPTA dr2, we combined published data from recent individual PTA data releases, along with a selection of additional data sets that were either used in the IPTA dr1 or published in other studies. Detailed descriptions of each of these data sets are given below.
EPTA data set: We include the most recent EPTA data release 1.0 (Desvignes et al. 2016) in the IPTA dr2. This data set includes high-precision timing observations from 42 MSPs obtained with the Effelsberg Radio Telescope (EFF) in Germany, the Lovell Radio Telescope at the Jodrell Bank Observatory (JBO) in the UK, the Nançay Radio Telescope (NRT) in France, and the Westerbork Synthesis Radio Telescope (WSRT) in the Netherlands. The data set spans timing baselines of 7 to 18 years, covering from October 1996 to January 2015. In addition, we note that the data set of PSR J1939+2134 includes very early NRT observations that started in March 1990. Each observation is averaged both in time and frequency, across the bandwidth, and provides a single time-of-arrival (ToA). Observation information is given in Table 1 and additional details can be found in Desvignes et al. (2016) .
NANOGrav data set: We include the NANOGrav 9 year data set (Arzoumanian et al. 2015b) in this data combination. This includes high-precision timing observations obtained from 37 MSPs, with timing baselines between 0.6-9.2 years from July 2004 to March 2013. We also include the long-term NANOGrav timing data of PSR J1713+0747 reported in Zhu et al. (2015) , and the data of PSRs J1857+0943 and J1939+2134 from November 1984 through December 1992 reported in Kaspi et al. (1994) . All of these observations were obtained using the Robert C. Byrd Green Bank Telescope (GBT) and the Arecibo Observatory (AO) in the USA. We note that the ToAs in the NANOGrav 9 year data set are obtained by first averaging the observations in time as given in Arzoumanian et al. (2015b) , and in frequency such that the data maintain a frequency resolution (i.e. sub-band information) ranging from 1.5 to 12.5 MHz depending on the combination of receiver and backend 2 . Each frequency channel yields a single ToA. The observations in Zhu et al. (2015) are partially averaged in time and frequency, resulting in multiple ToAs for a given observation epoch. The observations in Kaspi et al. (1994) are fully averaged in time and frequency, leading to one ToA for each receiver and data acquisition system at each epoch.
PPTA data set:
We include the PPTA first data release (Manchester et al. 2013 ) and its extended version 2 The frequency channel bandwidths in the NANOGrav 9-year data set are: ASP/GASP: 4 MHz at all frequencies; PUPPI/GUPPI: 1.6 MHz at below 500 MHz; 3.1 MHz between 500 and 1000 MHz; and 12.5 MHz above 1000 MHz. Figure 1 . The Galactic distribution of 65 pulsars in the data release, including 49 pulsars from the IPTA dr1 (red dots) and 16 new pulsars (blue dots) that were not presented in the IPTA dr1. Galactic latitude is on the vertical axis in degrees, and Galactic longitude is on the horizontal axis in degrees, increasing leftward with the Galactic centre at the origin. Note that many new pulsars included in this data release fill some gaps in the IPTA dr1 pulsar distribution. (Reardon et al. 2016 ) in this IPTA data combination. This PPTA data set includes high-precision timing observations obtained from 20 MSPs with an observation time baseline of approximately six years. Additional "legacy" Lband (i.e. 1400 MHz) observations acquired between 1994 and 2005, for which the raw data are no longer available, are also included in the combination. Finally, we include more recent PPTA observations reported in Shannon et al. (2015) for the high-precision PSRs J0437−4715, J1744−1134, J1713+0747, and J1909−3744. All the PPTA observations are obtained using the Parkes Radio Telescope in Australia and a range of receivers and pulsar timing backends. Although the ToA coverage is nearly identical to the data sets indicated above, the raw data from 2005 onwards have been reprocessed using a pipeline developed for new PPTA data releases (Kerr et al. in preparation) . In general, PPTA data is divided into four bands with wavelengths of roughly 10, 20, 40, and 50 cm. An analytic template for the pulse profile for each instrument and band is produced, and the unknown phase offset between these templates is measured from the data as a free parameter in the timing model. Instrumental offsets ("JUMPs") were obtained using a modulated PIN diode as described in Manchester et al. (2013) . Similar to the EPTA data set, each observation of the PPTA data set is averaged in time and frequency, resulting in a single ToA for each radio receiver at each epoch.
Combining all the above mentioned data sets, the new IPTA data release comprises 65 pulsars in total, adding 16 new pulsars compared to IPTA dr1. All of these new pulsars are observed and included by the NANOGrav timing campaign. By comparing positions, it is evident that these new pulsars improved the IPTA pulsar distribution in the Galaxy, providing a better sky coverage compared to the previous data release (see Figure 1) . A summary of the data sets used in this data release is given in Table 1 and the basic parameters of these MSPs are given in Table 2 . Figure 2 shows the frequency coverages and the time baselines of these data sets in the data combination.
CREATING THE IPTA DR2 DATA SET
We combine ToA measurements from individual PTA data releases into a single data set, and then perform the timing analysis for each pulsar in that data set. In this work, we always use ToAs as reported in the individual PTA data sets, i.e., we have not re-processed raw observational data. When possible, we include metadata (such as observation time and bandwidth) either as reported in the individual PTA data set or extracted from the original raw data files. In some cases (e.g., early WSRT observations and the data reported in Kaspi et al. 1994) , it was not possible to recover a full set of metadata.
The data combination procedure is detailed in Verbiest et al. (2016) , and we summarise it here. We use the pulsar timing software package tempo2 3 Hobbs et al. 2006) to fit the timing model to the observed ToAs and obtain timing residuals (i.e. the difference between the observed and predicted ToAs) of the pulsar. We combine the different data sets of a given pulsar by fitting for time offsets (or 'JUMPs') in the timing model to account for any systematic delays between them (see Verbiest et al. 2016) . We define the highest weighted data set (i.e. the sum of 1/σ 2 , where σ is the ToA uncertainty) as the reference data set (i.e. JUMP is equal to zero) in the timing model of the pulsar and then include separate JUMPs for each of other data sets to constrain their time offsets with respect to the reference. We note that, as mentioned in § 2, the PPTA data set contains several measured backend-dependent time offsets, which we include as fixed JUMPs in the timing model. A pulsar timing model generally consists of astrometric parameters (right ascension RA, declination DEC, proper motion in RA and DEC, timing parallax π), rotational frequency information (spin frequency f and its time derivatives), and dispersion measure information (DM; this accounts for the frequency-dependent time delay of the pulses due to electrons in the interstellar medium along the line-ofsight). With consistent adequate bandwidth and/or multiple observing frequencies, the time dependence of DM can also be included in the model. If the pulsar is in a binary system, the Keplerian parameters (orbital period P b , projected semimajor axis x of the pulsar orbit, longitude of periastron ω0, epoch of periastron passage T0, and eccentricity e of the orbit) are included to describe its binary motion. Some pulsars also require theory-independent Post-Keplerian parameters (orbital period derivativeṖ b , periastron advanceω0, Shapiro delay parameters 'range r' and 'shape s', apparent derivative of the projected semi-major axisẋ) to account for any deviation of the orbit from Keplerian motion (see Damour & Deruelle 1985 Damour & Taylor 1992) . A detailed description of all these parameters is given in Lorimer & Kramer (2005) . We use the tempo2 binary model T2 in general in timing models of binary pulsars. For low-eccentricity pulsars, we use the binary model ELL1 (Wex 1999; Lange et al. 2001) , in which the first and second Laplace-Lagrange parameters ( 1 = e sin ω0 and 2 = e cos ω0) are fitted. For low-eccentricity and medium-to high-inclination binary pulsars, we use the binary model DDH (Freire & Wex 2010 ) in the timing model in which the amplitude of the third har- Table 1 . The observation information in PTA data releases. Note that, as in IPTA dr1, the GBT and AO observations of PSR J1713+0747 reported in Zhu et al. (2015) and early AO observations of PSRs J1857+0943 and J1939+2134 reported in Kaspi et al. (1994) monic of the orbital period (H3) and the ratio of amplitudes of successive harmonics (STIG) are fitted.
In the fitting process, the measured topocentric ToAs are converted to the solar-system Barycentric Coordinate Time (TCB) through the solar-system ephemeris DE436 4 using the Terrestrial Time standard BIPM2015
5 . The Barycentric Dynamical Time (TDB) is commonly used in astronomy and thus, we also convert our timing results to TDB units and include the solutions in the data release separately. To develop the timing model for each pulsar, we started by fitting the timing model parameters from one of the individual PTA data releases. We then added any additional parameters needed to accommodate the other individual PTA data releases, and we tested for further parameters that might be needed in the combined data set (as described below).
If the pulsar is observed by NANOGrav, we then include 'frequency-dependent' (FD) parameters in the timing model because of the availability of the frequency-dependent subband ToAs to minimise the effect of frequency-dependent pulse profile evolution (Arzoumanian et al. 2015b ). The number of required FD parameters for a given pulsar is obtained from Arzoumanian et al. (2015b) .
To model the white noise σ (uncorrelated in time) of the pulsar data, we include the standard noise parameters EFAC (E f ) and EQUAD (Eq) for each data set in the timing model (see Verbiest et al. 2016 , for details). The EFAC is a scale parameter on the ToA uncertainty and the EQUAD is an added variance that mainly accounts for the error caused by pulse phase-jitter (Os lowski et al. 2011 (Os lowski et al. , 2013 and other systematic effects. The tempo2 version defines the relationship of these two parameters to a ToA uncertainty σt as
while the temponest version (Lentati et al. 2014) defines the relationship in a reverse order as
temponest 6 is a pulsar noise analysis plugin in tempo2 that is based on Bayesian analysis (Lentati et al. 2014) . We also include the factor ECORR to correct for the pulse phase jitter that causes correlation between simultaneous ToAs obtained at different observing frequencies. In the data combination, we include separate EFACs and EQUADs for all telescope/backend-dependent PTA data sets, and separate ECORRs for telescope/backend-dependent NANOGrav data sets because of their available simultaneous frequencydependent ToAs (i.e. sub-band ToAs).
In addition to white noise, we model the time-correlated red noise processes by including the stochastic DM variation and the spin noise processes with power-law models in the timing solution. We use the temponest plugin to determine the white and red noise parameters by fitting simultaneously while marginalising over the timing model parameters (see Lentati et al. 2014 , for more details of the software). We note that, as shown in Lentati et al. (2016) , some pulsars in the IPTA dr1 needed additional red noise processes such as "system noise" and "band noise" to accurately model the noise in their timing data. The system noise models possible instrumental effects and calibration errors that might appear in a single observing system or telescope. The band noise models signals that exist in a given frequency band. These signals may have originated in the interstellar medium due to processes that are incoherent between different bands, or that do not scale in amplitude with the inverse square of the observing frequency, or due to radio frequency interference that present in the same band independent of the observing site. Therefore, our basic DM and spin noise processes may not provide the optimal model. A detailed noise analysis will be carried out separately in a future study.
The individual PTA data releases used different methods of modelling DM variations: the EPTA data release used the first two time derivatives of the DM and the stochastic Table 2 . The basic properties of the pulsars in the IPTA second data release. The sources in this new data release that were not in IPTA dr1 are marked with ' * '. The flux density of the pulsar at 1.4 GHz is quoted in the fourth column. The distance to the pulsar is given in fifth column, using the electron density model YMW16 (Yao et al. 2017 ) based on the timing measured DM value, or compiled by the model given in Verbiest et al. (2012) , either using the updated parallax measurement from this paper (denoted by † -see Appendix A) or from previously published parallax measurements a (denoted by ‡). The uncertainty of the DM-derived distance is estimated considering a typical 20 per cent error of the electron density model. The next columns indicate with an 'X' whether the pulsar is observed by that particular PTA. The ninth column presents if the DM model given in Keith et al. (2013) is included (Y) or excluded (N) in the timing solution of the pulsar according to VersionA (see § 4.1). In the tenth column, we quote the weighted root mean square of the timing residuals σw, after subtracting out the timing model and the maximum likelihood time-correlated signals reported in VersionB (see § 4.2). The eleventh column gives the time span of the data set. Lundgren et al. (1995) , (26) Guillemot et al. (2016) , (27) Arzoumanian et al. (2015b) , (28) Nicastro et al. (1995) , Backer et al. (1982) , (55) Champion et al. (2005) , (56) Deneva et al. (2012) , (57) Boriakoff et al. (1983) , (58) DM variation with a power-law (Desvignes et al. 2016; Caballero et al. 2016) ; the PPTA data release used only the first two time derivatives of the DM (Reardon et al. 2016) ; and the NANOGrav data release measured the change in DM, relative to the fiducial DM value in the timing model, at nearly every observing epoch using the tempo 7 'DMX' parameter (Arzoumanian et al. 2015b) . In this IPTA data combination, we use two different methods to model the DM variation, including the model DMMODEL given in Keith 7 http://tempo.sourceforge.net/ et al. (2013) as described in § 4.1, and time derivatives of the DM with a power-law stochastic DM variation as described in § 4.2.
PSR
Finally, with the fully combined data set and timing model for each pulsar, we use an F -test with the residual sum of squares of each model, as described in Arzoumanian et al. (2015b) , to search for parameters that have become significant as a result of combining the data. This process is used in all NANOGrav data releases to ensure the model is as complete as possible. With the addition of a new parameter, an F -test significance value of ≤ 0.0027 (i.e., 3σ significance) implies that the additional parameter has significantly improved the model's description of the data. For long data sets, the most likely parameters to become significant are post-Keplerian parameters; additionally, the use of wide-bandwidth or multi-band data may require higherorder "FD" parameters to model frequency-dependent pulse shape evolution, as described in Arzoumanian et al. (2015b) . After having combined the timing models as described earlier in this section, with this F -test analysis we do not find any additional parameters that are required in IPTA dr2 pulsar timing models beyond those used in the individual PTA data sets.
RESULTS
We produce two data combination versions (VersionA and VersionB) in the IPTA dr2 and the data set is available at http://www.ipta4gw.org. We also note that the data set includes separate timing solutions for pulsars produced with TCB and TDB units. The two versions are different in terms of modelling the DM variation and handling the noise properties of pulsars, and they are described below in detail.
IPTA dr2 -VersionA
In this version, we determine the DM variation using the model given in Keith et al. (2013) and implemented in tempo2 as DMMODEL. This model estimates the DM offsets from the global value as a function of time for a given time grid. We use a 60 day MJD grid in general for all pulsars in the combination, but a 30 day grid is used for several sources to better constrain DM variations. For pulsars with a lack of multi-frequency observations (or a shorter time span of multi-frequency coverage), the DMMODEL does not provide reliable results and thus, we use the basic time derivatives of the DM (i.e.Ḋ M andDM) in the timing model (see the ninth column in Table 2 ). We include only white noise parameters EFACs and EQUADs in the timing model of pulsars in this version. Note that we do not constrain them using this IPTA data combination, rather we use the values constrained in previous data releases. The EFACs and EQUADs for the EPTA data are taken from the EPTA dr1 (Desvignes et al. 2016) , those for the PPTA data are taken from the IPTA dr1 (Verbiest et al. 2016) . These EPTA and PPTA white noise parameters were constrained using temponest according to the ToA uncertainty scaling given in Equation 2. For NANOGrav data, we use the tempo2 version of EFACs and EQUADs (see Equation 1), which are taken from the NANOGrav data release (Arzoumanian et al. 2015b ). Finally we update timing models of all 65 pulsars by running tempo2 using the combined IPTA data set. Figure 3 shows the time-dependent DM variation obtained from DMMODEL for pulsars that are observed by all three PTAs. Note that we did not include PSR J1939+2134 in Figure 3 because of its complicated DM variation and timing noise (e.g. Kaspi et al. 1994; Manchester et al. 2013; Arzoumanian et al. 2015b; Desvignes et al. 2016; Caballero et al. 2016; Lentati et al. 2016) . These results are consistent with the DM variations of pulsars presented in Keith et al. (2013) using the PPTA data, and also with the results obtained using the DMX method that are presented in Arzoumanian et al. (2015b) using the NANOGrav data.
IPTA dr2 -VersionB
The main difference of this version compared to VersionA is in the modelling of the white and red noise processes and DM variations of the pulsars. We re-estimate all the noise parameters of pulsars based on this IPTA data combination, rather than using previously constrained values given in other data releases. We include new EFACs and EQUADs for all PTA data sets and separate ECORRs for NANOGrav data sets if available in the pulsar timing model. We include the first two time derivatives of the DM and then model the time-correlated stochastic DM and the red spin noise processes using separate power-law models in the timing model. Using temponest, we then constrain these noise parameters simultaneously while marginalising over the timing model parameters. For comparison with VersionA, we overplot the DM variations for pulsars that are observed by all three PTAs in Figure 3 . This shows that the overall timedependent DM variations modeled by these two methods are largely consistent with each other within their uncertainties.
We present the timing residuals of pulsars in Figure 4 and Figure 5 . We have subtracted the power-law waveform of the DM stochastic noise in these residuals, but not the waveforms of red spin noise processes. Some pulsars exhibit complicated noise processes and need a more sophisticated noise analysis including various additional noise terms such as systematic noise and band noise as discussed in Lentati et al. (2016) . This will be done separately combining with GW search analyses using this new data combination in the future. We present the best timing models for all our pulsars in Appendix A.
DISCUSSION
In this paper, we presented the creation of the IPTA second data release (IPTA dr2) that includes the EPTA, NANOGrav, and PPTA data releases presented in Desvignes et al. (2016), Arzoumanian et al. (2015b) , and Reardon et al. (2016) , respectively. This new IPTA data release consists of regularly observed high-precision timing data of 65 MSPs, which includes 16 additional MSPs compared to the previous IPTA dr1. We produced two versions in the data release (i.e. VersionA and VersionB) depending on different methods of handling the DM and the noise processes of pulsars as described in Section 4. We directly compared the timing ephemerides of pulsars obtained from the two versions in this new IPTA dr2 and the previous IPTA dr1. We found that all the timing parameters are greatly consistent with each other and their uncertainties resulted in IPTA dr2 are generally improved compared to the IPTA dr1, mostly due to the addition of more data in the combination. We also compared the DM variations of pulsars obtained using VersionA and VersionB (see Figure 3) . This comparison shows that the overall features in the variations are consistent with each other within their uncertainties, including the uncertainty of the mean DM measurement in the timing model. We note that the DMMODEL provides much noisier variation compared to the power-law model. This is because the DMMODEL follows a piece-wise method using a given time-grid, which depends on observation sampling and the availability of multi-frequency data (see Keith et al. 2013 ). In contrast, the power-law model fits for the power spectrum of the timing data and the waveform of the DM variation can be generated for any given time series (see Lentati et al. 2014; Lee et al. 2014) .
We only constrained the basic noise properties of pulsars in this data combination. However, using IPTA dr1, Lentati et al. (2016) showed that some pulsars need additional noise terms such as system and band noise to model their overall noise properties accurately because of the involvement of several observing systems (i.e. backends/telescopes) in the observations and also wider frequency coverages. By simply comparing the weighted root mean square (rms) of timing residuals after subtracting the maximum-likelihood time-correlated noise signals (i.e., by comparing σw in Table 2 herein and Table 1 in Lentati et al. 2016) , we found that approximately 60 per cent of pulsars have improved their timing precision based on this new IPTA dr2 compared to the previous IPTA dr1. The rest of the pulsars have slightly poorer timing precision compared to the previous data release, probably because these pulsars require additional noise terms to optimise their noise analysis as described in Lentati et al. (2016) which we have ignored in the present analysis. Thus, a detailed noise modeling based on the IPTA dr2 will be required and conducted in subsequent analysis. This will be published separately in the future.
Adding new data is essential to improve the timing precision and the sensitivity of the IPTA to GWs. We also need to consider and understand these new data and their noise behaviour to be able to achieve optimal results. This requires additional noise investigation and more computationally expensive methods to model their noise behaviours, which can be very time consuming. For instance, the data sets of PSRs J1713+0747 and J1939+2134 in the IPTA dr2 are long and dense due to the involvement of all IPTA telescopes in the observations with several backends providing broad frequency coverage. Based on our basic noise analysis, J1713+0747 and J1939+2134 required 90 and 74 noise parameters, respectively, in the timing model requiring weeks of computer time to conduct their noise analyses. We will have more pulsar data available for the IPTA in the future and their noise analyses will become even more complicated. Therefore, we need to investigate methods to improve the efficiencies of current pulsar noise analysis software and also novel techniques to constrain noise in more efficient ways. While we have assumed here that all stochastic processes Figure 3 . The time-dependent DM variations for pulsars that are observed by all three PTAs obtained using the DMMODEL (blue) as described in VersionA (see § 4.1). Note that the mean DM is subtracted and only the variation is plotted. For comparison, the DM variations obtained using the power-law model described in VersionB (see § 4.2) are over-plotted (red), and their uncertainties are estimated using a Gaussian process regression method. The overall features in DM variations obtained from the two versions are consistent with each other within their measured uncertainties. Note that we omitted PSR J1939+2134 in this figure because of its complicated timing noise behaviour.
have power-law spectra, in the future it may necessary to consider more complex models to be able to understand the pulsar noise behaviours more accurately. This will become important especially when high-resolution data are available for the IPTA from modern telescopes such as MeerKAT and Square Kilometre Array, and also with the instrument upgrades of current telescopes in the IPTA.
FUTURE IPTA STUDIES
The primary goal of the IPTA is to detect and characterize low-frequency GWs using high-precision pulsar timing (Verbiest et al. 2016) . The IPTA dr2 is the most complete MSP data set produced up-to-date for GW search experiments. There are a suite of papers which are currently exploring the broader impacts of IPTA dr2. In terms of GW search analyses, we are preparing improved GW background constraints that revise upper limits from Shannon et al. (2015) and Lentati et al. (2015) by accounting for solar-system effects using BayesEphem (Arzoumanian et al. 2018b ), and will apply more flexible DM variation models to Arzoumanian et al. (2015b) . We are exploring the detection response of the IPTA to the GW background, and how this compares to that of the constituent regional PTA data sets. We are also carrying out a search for GW memory (Braginskii & Thorne 1987; van Haasteren & Levin 2010; Arzoumanian et al. 2015a; Wang et al. 2015; Madison et al. 2017) , in addition to exploring new and novel ways of analyzing IPTA data. These include (but are not limited to) the identification and removal of legacy ToAs which do not contribute to our GW background sensitivity, as well as the preparation of smaller IPTA data sets that require minimal combina- tion efforts from the constitutent PTAs, thereby enabling fast diagnostics. Potential avenues of future GW study with this data include searching for individually-resolvable supermassive black hole binary systems (Zhu et al. 2014; Babak et al. 2016; Aggarwal et al. 2018) , and placing constraints on beyond-General-Relativity GW polarization states (Lee et al. 2008 (Lee et al. , 2010 Chamberlin & Siemens 2012; Lee 2013; Gair et al. 2015; Cornish et al. 2018; O'Beirne et al. 2019) .
We expect IPTA dr2 to also impact many areas that are synergistic to nanohertz GW searches, including (but not limited to): probing ultralight scalar-field dark matter (the so-called "fuzzy" dark matter) in the particle mass range 10 −24 − 10 −22 eV (Porayko et al. 2018 , and references therein); improving the characterization of radio-frequencydependent delay processes induced by the ionized interstellar medium (Keith et al. 2013; Lam et al. 2017; Jones et al. 2017 ) and solar wind (Madison et al. 2019; Niu et al. 2017; Tiburzi et al. 2019) ; studying the solar system and giving independent constraints on ephemeris parameters with pulsartiming data (Arzoumanian et al. 2018b; Guo et al. 2018; Caballero et al. 2018) ; and synthesizing a pulsar-based time standard (Hobbs et al. 2012) . Several of these goals (both GW and synergistic) may be aided by improved pulsar distance precision and discovery techniques (e.g. Deller et al. 2019; Mingarelli et al. 2018; Jennings et al. 2018 ). 
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APPENDIX A: TIMING MODELS
In this appendix, we present the updated timing solutions for all 65 MSPs according to VersionB as described in § 4.2 based on this most up-to-date IPTA data combination. 3(6) × 10 −4 −7(5) × 10 −5 9(3) × 10 −5 −1.1(7) × 10 −3 DM (cm −3 pc yr −2 ) 4(7) × 10 −5 4(7) × 10 −5 −1.8(6) × 10 −5 −6(7) × 10 −5 
